ABSTRACT
A straightforward method for predictrng the protein structure is to find conformations that have the lowest energy along a chosen folding pathway. One When the sequence is highly homologous to that of a protein whose structure is known, one assumes that the unknown protein has a similar structure, in this case, the "prediction" becomes homology modeling, wherein one refines the known structure for the new sequence. The method of choice here is a molecular dynamics or Monte Carlo (MC)3 simulation procedure that uses physically based, atomic level, empirical force fields (1). When the sequence homology is low or not detectable, one can sometimes recognize the fold type of the protein by seeing if the given sequence is compatible with any one of a library of known structures (2) . The scoring function used for judging compatibility here is usually a potential of mean force, which is not physically based but obtained from the frequency with which amino acids are observed to occur in different interactions in known protein structures. Then there are a variety of ab initio prediction methods, which do not rely on the existence of a similar known structure (3) . One class of these methods works by finding conformations with the lowest energy along a chosen folding pathway, assuming that the native conformation has the lowest energy along the pathway. This strategy requires generating a large number of conformations and estimating the energy of each structure.
The energy function can be physically based or frequency-based energies or a combination thereof. Most ab initio foldingschemes of thistype use the MC rather than the molecular dynamics (MD) procedure for generating the conformations. An MC procedure allows one to introduce biases in selecting the next structure. These biases can be set to reflect extraneous sequencestructure correlations as well as possible information on the folding pathways.
In contrast, MD is a mechanical procedure in which new structures are generated by the strict rules of Newtonian dynamics.
It is at best awkward to introduce in an MD procedure the knowledge on sequence-structure correlations that can be gathered from examination of the many known structures. The particular procedure we used is the dihedral angle space, biased MC method that has been used by many others (4) (5) (6) (7) . In this procedure, a protein molecule is represented as a realistic, off-lattice model and different conformations are obtained by changing the dihedral angles, keeping the bond lengths and angles fixed at the ideal values. Sun (8) uses a similar procedure, although he uses a genetic algorithm rather than the MC as the search method. Many others used lattice models to obtain important insights (9) (10) (11) (12) (13) (14) . However, all lattice models of proteins will introduce certain amount of structural distortions, which will inevitably require a lattice-specific modification of the energy function.
In off-lattice methods, the structure is kept in an idealized but realistic form so that the energy functions and other structural Vol. 10 January 1996
The FASEB Journal LEE Er AL principles that have been gathered over the years can be more directly used in the folding calculations.
We review some of the more important features of this method, as we used it, and some of the results obtained to date. The price paid for working with the more realistic models of the protein is in the complexity of the calculation and in the larger amount of computing time required to obtain meaningful results (15). Because of these limitations, the method can handle only very small protein and polypeptide molecules. Even for these small molecules, the accuracy with which the structure can be predicted is not impressive.
However, this handicap of the method will diminish in the future as the available computing power continues to increase and as smarter algorithms are developed.
By using a more realistic model, one hopes that the folding behavior observed in calculation may better mimic the actual folding process in nature.
THE MONTE CARLO METHOD
The MC algorithm works in cycles, called steps, each of which consists basically of the following four procedures (Fig. 1) .
1) Select a set of residues according to a schedule and assign new dihedral angles for these residues in a biased manner. The bias used represents prior knowledge on the sequence-dihedral angle correlations gathered from examination of many known protein structures. The procedure used to set up the bias for the dihedral angles for the main chain and the effect of using it are described in the next section. Except for one case, which will be specifically mentioned, the side chain dihedral angles were chosen randomly from the side chain library of Ponder and Richards (16 molecule (17). The schedule for selecting residues and moves is important because it determines the folding pathway. However, this aspect has not been investigated at all so far and remains a major factor that could improve the folding algorithm in the future. 3) Calculate the energy of the new structure using an energy function. A proper energy function will include all important factors that determine the protein stability, but these are not well known at present. Part of the reason for pursuing the ab initio protein folding studies is to obtain this information.
2)
We used an energy function that consisted basically of only two terms, the hydrogen bond and the hydrophobic terms, in order to gauge the importance of these energies. More detail is given later. The atomic overlap test is done after the structure generation and before the energy calculation in order to reduce the number of energy calculations, which are usually the most timeconsuming part of the computation.
4) Select or reject the new structure by comparing it with that of the old structure.
We used the usual Metropolis algorithm for this purpose (19), which accepts the new structure if its energy is lower than that of the old or, if it is higher, not higher than what is expected from the thermal fluctuation at that temperature.
THE -ij, ANGLE PROBABILITIES
As stated, the dihedral angles were not chosen randomly but in a biased manner. The side chain conformations were chosen from the discrete side chain conformation library compiled from known crystal structures by Ponder and Richards (16) . The main-chain dihedral angles, 4
and v were chosen according to a set of probability tables (20). To set up these tables, the 2-dimensional space of 4-wangles were divided into 36 x 36 angle bins and the frequency with which the 4-Ni angles of residues fall into each bin was counted over a data base of known protein structures.
In order to include the local sequence effect, this frequency In our procedure, the 4-jJ angle probabilities are used only as a sampling bias and not as part of the energy function to select or reject a new structure. alone without using any additional energy at all, because the 4-ji angle probabilities were obtained from the observed frequencies and reflect the total effect of all local interactions.
In one test along this line, an ensemble of 50,000 structures was generated for the 13-residue C-peptide (residues 1-13 of ribonuclease A) using only the probability tables, Ponder and Richards's 0 I 2 3
rms(A) (23) . An independent polypeptide of this sequence is also 30% in the a-helical form in water at a low temperature (24). For each structure for this sequence generated by the MC procedure, the root-mean-square deviation (rms) from the corresponding part of the crystal structure of iibonuclease was computed. The solid line in Fig. 2 shows the cumulative plot of the number of structures vs. the rms deviation. The dotted line shows the result of a parallel computation that was done identically except that the probability values were not used. The figure shows that more than 50% of the generated ensemble of structures for this peptide deviate by less than 2 A from the observed crystal structure when the probability tables are used, whereas the fraction is only about 1% when the table values are not used. Somewhat less striking but qualitatively similar results were obtained (20) for the carboxyl-terminal end of the C-helix of myohemerythrin, which is in the helical form in the crystal structure of the protein (25) and probably also in solution to some extent (26), and for the alanine-based synthetic peptides (27, 28), which also form a-helices in aqueous solution.
ENERGY FUNCTION
Energy function was deliberately kept simple. The function used can be written generally as:
where Ehb, Eh, and E5, are the hydrogen bond, the hydrophobic, and the disullide bond energies, respectively, and whb, whp, and w,5 are the corresponding weights. The disulfide bond energy, when used, was set to a constant negative value when the distance between the two sulfur atoms came within a preset distance.
The hydrogen bond energy was computed between main-chain atoms only as a simple electrostatic energy, as suggested by Kabsch and Sander (29):
where q = 0.42 and q = 0.20 are the partial charges on the donor and acceptor atoms, respectively, d is the distance in angstroms between the indicated atoms, and! = 332 is a dimensional factor that gives the energy in kcal/mol units.
Initially the hydrophobic energy was calculated as proportional to the accessible surface area, which was computed using the Shrake and Rupley algorithm (30). The procedure was discontinued, however, because of the enormous computer time required for the area calculation. Instead, most of the tests were done using the potential of mean force by Miyazawa and Jernigan (31). Although this energy is frequency-based and therefore in- cludes all long range effects, it has been shown to correlate well with the amino acid hydrophobicities (31). Recently, we began to use an approximate expression for the hydrophobic energy based on a pairwise buried area sum (32). The method is rapid and suitable for estimating the hydrophobic energy of a large number of conformations. In very recent folding trials with small polypeptide molecules, excellent results were obtained using this function and the hydrogen bonding potential described above (unpublished observations). The relative weight between the hydrogen bond and the hydrophobic energies is important. The folding trials can give information on the relative importance of these energy terms as described below.
ENERGY

BALANCES IN FOLDING TRIALS WITH CRAMBIN
We chose crambin for most of our folding studies. This is a small protein of 46 residues, for which a high-resolution crystal structure is known (33, 34). It has two antiparallel a-helices and a short antiparallel p-sheet. However, different runs of the program generated other structures that had nearly the same energy but that had c-rms of 10 to 13 A. All structures had similar compactness as measured by the radius of gyration, which was 10 to 20% higher than that of the crystal structure.
None of the structures formed had clearly discernible secondary structures.
Trials were then made using both the hydrogen bond and the Miyazawa-Jernigan energies with various relative weights between them. A sample result with the best relative weight is shown in Fig. 3 : the structure fluctuates between forms in which the two energies contribute roughly equally and others in which the hydrogen bond energy contributes significantly more. These latter structures contain too many residues in the helical conformation and tend to deviate more from the crystal structure than the former, as measured by the d-rms values (the rms deviation between intramolecular interatomic distances). The two-tier distribution of structures is also evident in the energy vs. d-rms plot shown in Fig. 4 . These results indicate that better structures result when the contributions from the Miyazawa-Jemigan potential and from the hydrogen bond energy are properly balanced. This result and the result obtained using only the Mi- yazawa-Jernigan potential are in apparent contradiction with the suggestion (35) that the hydrophobic effect alone is sufficient to drive the secondary structure formation in globular proteins, but are consistent with the conclusion obtained from thermodynamic analyses of protein stability (36-38) that these two forms of energy contribute approximately equally to stabilize a protein molecule. The best structures obtained had c-rms values comparable to those obtained with the Miyazawa-Jernigan potential alone. However, the quality of resemblance to the crystal structure was not uniform throughout the structure, the helical part being much better determined than the rest of the structure.
In fact, use of the combination potential produces secondary structures with rather high accuracy as indicated in Fig. 5 . Other authors reported obtaining similarly good secondary structures for this molecule using ab initio method of tertiary structure prediction (4, 8, 40) .
Crambin is a small protein and is probably not stable without the three disulfide bonds in the structure. A number of trials were therefore made using a disulfide bond potential in addition to the hydrogen bond and the Miyazawa-Jernigan potentials. However, inclusion of a disulfide bond potential resulted in extremely sluggish dynamics. In addition, if the disulfide bond is formed before the helix formation, the helices did not form afterward (see Discussion section).
HIERARCHICAL
FOLDING OF CRAMBIN
In crambin, the three disulfide bonds are arranged in a nested manner, i.e., the disulfide bond between residues 16 and 26 forms the innermost loop, which is included in the middle loop formed by the 4-32 disulfide bond, which is in turn included in the outermost loop formed by the 3-40 disulfide bond. It is therefore natural to fold this molecule in a hierarchical manner by forming the innermost loop first, followed by the middle loop and then the outer loop. Structures that closely resemble the crystal structure could be obtained if the folding process is "guided" to occur in this manner (17). In this procedure, the conformation of the residues that were found to be primarily helical (Fig. 5) were locked into the helical conformation.
Only the hinge region between the two helices was then varied until the innermost 16-26 disulfide bond was formed. Next, the residues outside the helices, but within the loop formed by the second, 4-32 disulfide bond, were allowed to vary until the 4-32 disulfide bond was formed. Finally, the residues from 4 to 32 were fixed and the remaining residues allowed to vary. In addition to guiding the folding pathway in this manner, we also froze the side chain conformations for this study to those observed in the crystal structure.
This study was not an attempt for prediction in any case; we are interested here only in seeing whether the correct folded structure can be obtained by the biased random sampling of the main chain dihedral angles with the given energy function. Freezing the side chains speeds up the process significantly.
One of the lowest energy structures obtained by this procedure had the c-rms deviation of 3.0 A from the crystal structure (Fig. 6 ). This level of accuracy Residue number The assignments for a-helix and 13-sheet were made according to Levitt For example, our folding attempts with the two-term energy function strongly indicate that a protein structure is the result of a balance between hydrophobic and hydrogen bond energies.
Although this conclusion may depend on the particular way we defined and formulated the hydrogen bond energy (41), this indicates that something like the hydrogen bond energy is needed in order to obtain the specificity of the structure. In the case of crambin, inclusion of the disulfide bond energy resulted in extremely sluggish dynamics. Again, this is probably because of the incompletely local nature of the dihedral angle MC moves that are allowed in the current procedure. However, it is also possible that this protein cannot be properly folded in nature unless the helices are formed first, before the disulfide bond formation. In any case, the experience strongly suggests that a general folding procedure will benefit by including a mechanism whereby the disulfide bonds are broken occasionally in a manner that mimics the action of the protein disulfide isomerase (42) or of the redox buffer (43).
One reason why protein folding problem is so intransigent to solution is that there are two big unknowns, the energy function and the folding pathway. Because of the enormous number of possible structures, one cannot expect to be able to fold a protein molecule in a reasonable time unless the correct pathway is found and followed. A corollary of this observation is that the folded structure is simply the structure obtained at the end of the folding pathway. Whether or not this structure is the global energy minimum structure is practically immaterial. The limited experiences we have with the ab initio folding attempts indicate that the order of structure formation is of paramount importance.
We already mentioned that structures of 3 A c-rms accuracy were obtained for crambin when the folding was deliberately made hierarchical (17, 40) or a genetic algorithm was used (8); otherwise, the accuracy tends to remain at the level of 6 A c-rms. Recently, Srinivasan and Rose (7) 
